To identify novel homeobox genes expressed during mouse embryogenesis, we searched the databases and found a novel mouse pairedlike homeobox gene, Dmbx1(diencephalon/mesencephalon-expressed brain homeobox gene 1), that is also conserved in zebrafish and human. Linkage analysis mapped mouse Dmbx1 to the mid-portion of chromosome 4 that is the homologous gene cluster region of human chromosome 1, where human DMBX1 is located. Both mouse and human Dmbx1/DMBX1 have four coding exons and their gene structures are conserved. Whole-mount in situ hybridization revealed that Dmbx1 expression is detected in 7.5-9.5 dpc mouse embryos. At 7.5 and 8.5 dpc, Dmbx1 is expressed in a sub-region of the anterior head folds. At 9.5 dpc, expression is observed in the caudal diencephalon as well as in the mesencephalon and is restricted to the neuroepithelium. Expression in adult tissues was detected in brain, stomach, and testis. Dmbx1 provides a unique marker of the developing anterior nervous system and should provide a useful molecular resource to elucidate the mechanisms that pattern the vertebrate brain. q
Results and discussion
To isolate novel homeobox genes expressed during vertebrate embryogenesis, we searched the public and private databases (GenBank, www.ncbi.nih.gov; Celera, www.celera.com, respectively) and identified a novel homeobox sequence that was conserved among mouse, human, and zebrafish. Mouse and human sequences were identified from genomic sequence databases and the zebrafish sequence from an EST database. The human sequence was annotated as dJ1109J22.1 by the Sanger Centre (Cambridge, UK). We designate the new gene as diencephalon/mesencephalon-expressed brain homeobox gene 1, Dmbx1 (see below).
To isolate cDNA fragments of Dmbx1, we compared mouse and human genomic sequences and designed PCR primers that span a putative intron. Because the EST sequence from zebrafish (GenBank accession No. AI877798) was derived from a mixed cDNA library of shield stage embryos, 26 somite stage embryos, and adult liver, we used cDNA prepared from mouse gastrulation and post-gastrulation stage embryos and adult liver as a template. After two sequential rounds of PCR, we obtained corresponding Dmbx1 cDNA fragments from mouse gastrulation and post-gastrulation stage embryos but not from adult liver, indicating that Dmbx1 is expressed during embryogenesis.
The predicted amino acid sequence of DMBX1 is shown in Fig. 1A . DMBX1 is most likely a member of the pairedlike homeoprotein subfamily. DMBX1 is a highly conserved protein with mouse and human DMBX1 sharing 94.5% identity. In the putative N-terminus, there are 3 methionine residues. Among these three, the most 5 0 encoded methionine best matches the first AUG rule and appears to be the initiation codon, however, the second and third methionine residues are also potentially the initiating methionine because they are also consistent with the first AUG rule (Kozak, 1989) . Using the most 5 0 encoded methionine as the initiation codon, mouse Dmbx1 encodes a protein of 381 amino acid residues. Mouse and human Dmbx1/DMBX1 have 4 coding exons and gene structure is conserved (Fig. 1B) . RT-PCR analysis showed that mouse Dmbx1 appears to have an isoform that lacks the first 15 nuclotide residues of the second coding exon, resulting in the lack of five amino acid residues (Fig. 1A) . The chromosomal location of mouse Dmbx1 was determined by linkage analysis using an interspecific backcross (Justice et al., 1990) . Mouse Dmbx1 showed 100% concordance with D4Mit74 (53.6 cM) and D4Mit122 (56.0 cM) and was mapped to the mid-portion of chromosome 4 (Fig. 1C) . This is the homologous gene cluster region of human chromosome 1 and a human DMBX1 containing BAC clone (RP5-1109J22) is mapped to 1p34, suggesting that mouse Dmbx1 and human DMBX1 are true orthologues.
To examine the spatial and temporal expression pattern of Dmbx1, we performed whole-mount in situ hybridization. Because we isolated the Dmbx1cDNA fragment from mouse gastrulation and post-gastrulation embryos, we analyzed 7.5 to 9.5 dpc mouse embryos. Expression was first detected in the anterior head folds of 7.5 dpc embryos ( Fig. 2A,B) . Later, at 8.5 dpc, Dmbx1 expression was restricted to the prospective midbrain region (Fig. 2C,D) . At 9.0 dpc, Dmbx1 was detected exclusively in the midbrain region (Fig. 2E) . At this stage, the anterior limit of Dmbx1 expression did not overlap with that of Pax6, which is a diencephalon marker (Fig. 2E,F) . The posterior limit of Dmbx1 expression was at the midbrain/hindbrain junction marked by the posterior limit of Otx2 and Pax2 (Fig. 2E,G,H) . By 9.5 dpc, Dmbx1 expression expanded anteriorly to prosomere 1. Dmbx1 was detected both dorsally and ventrally, in contrast to Pax6 expression in this region that is only expressed dorsally (Fig. 2I,J) . The caudal limit of the Dmbx1 expressing region remained at the midbrain/hindbrain junction (Fig. 2K,L) . Histological sections of stained embryos revealed that Dmbx1 expression is restricted to the neuroepithelium and not in the mesenchyme or surface ectoderm ( Fig. 2M-P) . Later, at 10.5 and 11.5 dpc, Dmbx1 expression was still detected in the caudal forebrain and midbrain (data not shown). Northern blot analysis detected a transcript of approximately 4.2 kb in adult brain, stomach and testis, suggesting that Dmbx1 is also expressed in some adult tissues (data not shown).
Several homeobox genes that are expressed in the midbrain region of mouse embryos have been reported. In addition to the midbrain, Otx1 and Otx2 are also expressed in the telencephalon and diencephalon (Simone et al., 1992; Suda et al., 1997) . En1, En2, Pax2, Pax 5, and Pax8 are expressed in the mesencephalon/metenecephalon boundary that marks the isthmic organizer to direct midbrain and anterior hindbrain development (Broccoli et al., 1999; Joyner, 1996; Joyner et al., 2000) . Dbx and Dbx2 are expressed in the forebrain, hindbrain, and the spinal cord as well as the midbrain (Shoji et al., 1996) . Dmbx1 expression in the caudal diencephalic and mesencephalic regions of mouse embryos appears to mark a novel region of the anterior neural tube. Therefore, Dmbx1 provides a unique molecular resource to interpret the molecular mechanisms that regulate the patterning of the vertebrate anterior nervous system.
Materials and methods

RNA preparation and cDNA cloning
Total RNA was extracted from mouse embryos or adult liver using the acid guanidinium thiocyanate-phenol-chloroform extraction method (Chomczynski and Sacchi, 1987) . cDNA was prepared by reverse transcription using oligo dT primers. To obtain a homeodomain sequence of mouse Dmbx1, PCR was performed using AmpilTaq (Applied Biosystems) and primers, P#1:5 0 -cac cgt aaa caa cgt cgg-3 0 and P#2: 5 0 -cag ctg atc ttc tgg ggc-3 0 for the first round of PCR, and P#3: 5 0 -aaa caa cgt cgg agt cgc-3 0 and P#4: 5 0 -atc ttc tgg ggc aga ctc-3 0 for a nested PCR. To obtain the 5 0 end of the cDNA, P#5: 5 0 -ccg cca tgc agc act atg-3 0 and P#2
were used as first PCR primers and P#5 and P#4 as nested annealing (558C for 1 min) and extension (728C for 1 min), and the last extension (728C for 10 min).
Linkage analysis
For chromosomal mapping, we used a mouse interspecific backcross DNA panel between M. musculus (strain SB/ Le) and M. spretus (Justice et al., 1990) . To distinguish the genotypes, we amplified DNA fragments using primers, P#1 and P#2. The obtained DNA fragments were digested with Nco I and separated by agarose gel electrophoresis. M. musculus DNA yields 356 and 250 bp bands, while M. spretus yielded 357, 145, and 105 bp bands. Linkage and recombination distances were analyzed using the program MapManager Version 2.6 (Kenneth F. Manley, Roswell Park Cancer Institute, Buffalo, NY). Gene order is determined by minimizing the number of recombination events that are required to explain the allele distribution patterns.
Whole-mount in situ hybridization and histology
Whole-mount in situ hybrdization was performed using a digoxigenin-labelled riboprobe that was synthesized from the mouse Dmbx1 cDNA fragment obtained by RT-PCR using primers, P#3 and P#4 (Wilkinson, 1992) . Frozen sections of stained samples were generated after the samples were post-fixed in 4% paraformaldehyde, equilibrated into 30% sucrose, and embedded in OCT compound (Sakura Fintek, Inc.) . Twenty micrometer sections were prepared.
